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Transition-edge sensors (TES) as microcalorimeters for high-energy-resolution X-ray spectroscopy are often
fabricated with an absorber made of materials with high Z (for X-ray stopping power) and low heat capacity
(for high resolving power). Bismuth represents one of the most compelling options. TESs with evaporated
bismuth absorbers have shown spectra with undesirable and unexplained low-energy tails. We have developed
TESs with electroplated bismuth absorbers over a gold layer that are not afflicted by this problem and that
retain the other positive aspects of this material. To better understand these phenomena, we have studied
a series of TESs with gold, gold/evaporated bismuth, and gold/electroplated bismuth absorbers, fabricated
on the same die with identical thermal coupling. We show that bismuth morphology is linked to the spectral
response of X-ray TES microcalorimeters.
X-ray transition-edge sensor (TES) microcalorimeters
are superconducting devices that measure X-ray photon
energy using the sharp resistance variation upon photon-
induced temperature change. It has long been demon-
strated that X-ray TES microcalorimeters have eV-scale
energy resolution and have nearly reached their theo-
retical limits1. However, in addition to energy resolu-
tion, an important performance metric for X-ray TESs
is the expected Gaussian shape of the spectral response.
The most common non-Gaussian response observed is a
low-energy (LE) tail associated with each X-ray emis-
sion line. This nonideality complicates X-ray line-shape
analysis and degrades the detectability of trace element
mapping2. Because the efficient detection of X-rays gen-
erally requires thick absorbers, high-atomic-number and
low-heat-capacity materials are desirable. Bismuth (Bi)
is one such material for X-ray TES absorbers that is
widely used. In particular, Bi is a compelling material
compared to gold (Au) because it has comparable X-ray
detection quantum efficiency but an order of magnitude
smaller specific heat capacity, arising from the low carrier
density of Bi3. Both evaporated4 and electroplated5 Bi
have been extensively used for X-ray TESs. In addition,
bulk, single-crystal Bi glued to silicon microcalorimeters6
has also been examined. While the non-Gaussian re-
sponse of X-ray TESs has been observed predominately
in evaporated Bi absorbers7, the response of an X-ray
TES depends on not only the properties of the absorber
itself, but also the thermal coupling between the TES
and absorber. In this work, we disentangle these two
issues. In particular, we present a systematic study of
three types of absorbers with identical thermal coupling
to the TES.
We have designed a TES that is compatible with
electroplated (elp) and evaporated (evap) depositions
(a)
(b)
FIG. 1. (a): Photograph of the TES die (7 mm x 14 mm).
There are two sets of devices with small and large area ab-
sorbers designed for X-rays ranging up to ∼ 10 keV and ∼ 30
keV, respectively. For each device size there are three types
of absorbers, with differing materials, from left to right: Au,
Au/evap-Bi and Au/elp-Bi. For all absorbers the Au is 1 µm
thick, and the Bi is 3 µm thick. (b): Schematic representation
of the cross-sectional view of a device (not to scale).
(Fig. 1). The TES is a molybdenum/copper (Mo/Cu)
bilayer with Cu banks and bars on top for transition-
parameter control and noise suppression1. The transition
temperature of these TESs is ∼ 100 mK. The absorbers
are positioned to the side of the TES and attached to
the Cu banks via a 0.2 µm thick Au layer. An addi-
tional 0.8 µm of Au forms the base of the absorber. The
evap-Bi is deposited via a lift-off process, while the elp-Bi
is electrodeposited8 via a patterned Au seed layer with
a Cu current path that is subsequently removed. Each
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2type of Bi absorber is 3 µm thick, which offers ∼ 76%
quantum efficiency at 6 keV and ∼ 8% at 30 keV. The
devices are grouped in two sets, designed for small (340 x
340 µm2) and large (530 x 720 µm2) absorbers, with dy-
namic range up to ∼ 10 keV and ∼ 30 keV, respectively.
For each set, the thermal conductance (G) is optimized
to maintain electrothermal stability of the TES while bi-
ased. G is controlled via a perforated SiNx membrane
that supports the entire device (Fig. 1(b)). In each set,
there are three types of devices, with differing absorbers,
from left to right: Au, Au/evap-Bi and Au/elp-Bi. Fi-
nally, there are four copies of each.
The G from the pixel to the heat bath was measured
from the Joule-heating power at different bath temper-
atures with the TES biased at 85% of the normal state
resistance. As expected, G scaled with the perimeter of
the TES plus the absorber (Tab. I), as is expected in the
case where the energy transport is dominated by spec-
ular reflections of phonons at the SiNx surfaces. Next,
the devices were characterized using an X-ray generator
exciting fluorescence from several metallic foils. An aper-
ture confined the X-ray illumination area of each device
to the absorber. The device’s total heat capacity (C ) was
calculated from the relationship C = G × τ thermal, where
τ thermal was approximated by the pulse-decay time τ at
T b ≈ T c, where the TES resistance dependence on tem-
perature and current is small. The measured C values
scaled with the absorber volumes only and did not de-
pend on the type of Bi used. Moreover, the contribution
from the Bi was negligible, as shown in Tab. I.
This was to be expected considering that the specific
heat capacity of Bi is one order of magnitude smaller than
that of Au. Because the energy resolution is proportional
to
√
C, the Bi layer is not expected to introduce any en-
ergy resolution penalty. X-ray pulse heights (i.e., ener-
gies) were estimated via optimal-filter-based techniques9.
The Mn Kα spectra in Fig. 2(a) measured by small
Au and Au/elp-Bi pixels are nearly identical, while the
Au/evap-Bi spectrum shows a clear LE tail. The spectra
from the three types of pixels show similar energy reso-
lution, which is consistent with the heat capacity mea-
surement. To further examine if a subtle LE tail exists
in the Au and Au/elp-Bi spectra, we fitted our observed
spectra to a convolution of a Gaussian detector response
function and the natural line shape, as previously mea-
sured by Ho¨lzer, et al.10, represented by the red lines in
Figs. 2(b)-(d). Both the Au and Au/elp-Bi data match
well with the Gaussian response function, indicating no
presence of LE tails. Conversely, the simple Gaussian
fit fails when applied to the Au/evap-Bi spectrum. The
LE tail in the Au/evap-Bi spectrum can be fitted by the
additional convolution of an exponential function with a
Gaussian distribution (green line in Fig. 2(d)), as sug-
gested in Ref. 7. In Fig. 3, measurements of the LE tail
fraction, which denotes the portion of energy deposited
in the tail, from a small Au/evap-Bi absorber for tita-
nium (Ti), chromium (Cr), manganese (Mn), iron (Fe)
and Cu Kα emissions are reported (a similar trend is ob-
(a) (b)
(c) (d)
FIG. 2. (a): Comparison of the Mn Kα spectrum measured
by small pixels with the three types of absorbers (normalized
at the peak maxima). The Au/evap-Bi absorber devices show
a LE tail compared with the Au and Au/elp-Bi absorbers. (b)
and (c): Measured spectra for Au and Au/elp-Bi respectively
(black) are well-matched to a Gaussian fit (red). (d): Mea-
sured spectrum from Au/evap-Bi (black) is poorly matched
by a simple Gaussian fit (red), while a Gaussian with tail fit
(green) better approximates it.
served in the large absorber). A clear increase in the LE
tail fraction with X-ray energy is present; this has also
been reported by Tatsuno, et al.7 and Fowler, et al.11.
The LE tail is indicative of some mechanism that pre-
vents measurement of the full energy deposited in the
absorber, with consequent generation of a current pulse
that is smaller than expected. The missing energy ei-
ther escapes from or is trapped within the evap-Bi and
not transformed into thermal energy over a time scale
that is short compared to the TES typical response time
(∼ 1 ms). Typical energy-escape mechanisms are either
emission of a fluorescence photon by the absorber, which
does not get re-absorbed by it, or escape of phonons
or electrons, generated in the energy relaxation process,
through the substrate or the surface to the ambient en-
FIG. 3. The LE-tail fraction of the Ti, Cr, Mn, Fe and Cu
Kα lines for a small Au/evap-Bi device. Error bars denote
the fit standard deviation.
3Size Small pixel Large pixel
Pixel perimeter (µm) 1860 3000
Absorber material Au Au/Evap-Bi Au/Elp-Bi Au Au/Evap-Bi Au/Elp-Bi
G (pW/K) 254.7 254.3 263.0 384.0 392.3 400.3
C (pJ/K) 1.2 1.2 1.1 3.1 2.9 3.0
TABLE I. Representative thermal conductances and heat capacities of the different type of pixels.
vironment. From the analysis of the LE-tail character-
istic and its dependence on the incident photon energy,
we can exclude the hypothesis of escape photons. The
fluorescence photons emitted by Bi are at discrete ener-
gies (Mα at 2.423 keV and Mβ at 2.525 keV)11, which
is incompatible with the continuous distribution of the
LE tail seen in the evap-Bi spectrum. Moreover, the
escape fluorescence mechanism would be inherent to Bi,
regardless of the deposition technique. The loss of energy
through the substrate is also unlikely because 1 µm of Au
is sufficient to thermalize energetic phonons12 from either
type of absorber. In addition, the use of the SiNx mem-
brane greatly inhibits the escape of high-energy phonons;
those that reach the membrane are likely to reflect off its
surface and be reabsorbed by the Au or Au/Bi. Fur-
thermore, Kilbourne, et al.13 report that both devices
with an evaporated Bi absorber in direct contact with
the SiNx membrane and with the Bi in contact only with
the TES show the presence of the LE tail. The elec-
tron photoemission is also unlikely to happen because
the photon-absorption event occurs deep in the absorber
- the average attenutation length for Bi at these ener-
gies is several µm. Moreover, the higher the energy of
the incident photon the deeper the absorption is likely to
happen, making the electron escape harder, which con-
tradicts the increase of LE tail fraction with energy in
Fig. 3. Finally, the work functions for Au and Bi are
comparable (Au ∼ 5 eV, Bi ∼ 4 eV), which would make
the probability of a photoemission event quite similar in
the two materials at these X-ray photon energies. Based
on these considerations, energy-escape mechanisms are
improbable.
In semimetal Bi, the dominant contributions to heat
transport from different heat carriers change with tem-
(a) (b)
FIG. 4. Scanning electron micrographs of the (a): evap-Bi
and (b): elp-Bi absorber cross-sections. The evap-Bi grain
appears smaller than that of the elp-Bi, and shows a columnar
structure.
perature, and non-lattice contributions to the total ther-
mal conductivity can be significant at very low tempera-
tures (∼ 100 mK) relevant to TES operation14. Fig.4(a)
and Fig.4(b) show focused-ion-beam cross-sectional im-
ages of the Au/evap-Bi and Au/elp-Bi absorbers ob-
tained via a scanning electron microscope. The evap-Bi
grains show a columnar structure, and appear to be much
smaller than the elp-Bi grains. The grain sizes were mea-
sured using high energy X-ray diffraction at the 1-ID-E
beamline of the Advanced Photon Source, Argonne Na-
tional Laboratory15. The evap-Bi resulted in a powder
pattern, and its full width at half maxima fitted from
the diffraction peaks were used in the Scherrer equation
to estimate the average grain size16, which was approxi-
mately 30 nm. The elp-Bi resulted in distinct diffraction
spots, indicating larger Bi grains. By taking the ratio
between the volume of absorber illuminated by the X-
ray and the total number of diffraction spots normalized
for multiplicity17, the average grain radius in the elp-Bi
absorber was approximately 630 nm.
Our data on transport measurements for evap-Bi show
semiconductor-like behavior (i.e., residual resistance ra-
tio of 0.4) due to grain boundary scattering18, in agree-
ment with the measured grain size. This further reduces
the non-lattice thermal conductivity due to scattering of
heat carriers at the grain boundaries and crystal defects;
charge carrier thermal conductivity scales inversely with
resistivity. The larger number of grain boundaries in the
evap-Bi is likely to scatter or trap heat carriers, and the
columnar structure may constrain the heat from transfer-
ring horizontally, causing difficulty in the thermalization
of the entire absorber. Moreover, Doriese, et al.4 report
that the LE tail fraction of the spectrum increases with
thickness of the evaporated film. This supports the idea
that the thermalization mechanism in these columnar
films happens mainly in the vertical direction, therefore
the further an event is from the underlying Au layer, the
more probable is the heat trapping mechanism. The Bi
semimetal-to-semiconductor transition occurs when the
energy shift due to quantum confinement raises the low-
est electron sub-band to an energy higher than the up-
permost hole sub-band19,20. This transition happens for
sizes below 50 nm, and the energy gap has been shown to
depend on the grain size21,22. If the nature of the grains
in evap-Bi is semiconductive, this could also trap the heat
in the form of long-lived electrons excited above the semi-
conducting energy gap. Given the grain size of the evap-
Bi, we can relate the LE tail to this size-induced phase
transition effect. It is also conceivable that bismuth oxide
4may be present at the grain boundaries. As an insula-
tor, bismuth oxide could result in long-lived electron-hole
pairs that behave like lost energy.
The dependence of the LE tail fraction on the incident
photon energy seen in Fig.3 and other work4,7 supports
the hypothesis of a morphology-based energy trapping
mechanism in the evap-Bi. In particular, the size of the
secondary-electron (SE) cloud generated by the incident
photon in the Bi absorber is ∼ 60 nm at 6 keV23,24, which
is comparable with the grain size of the evap-Bi. More-
over, the size of the SE cloud in the absorber is pro-
portional to the energy of the incident photon23. Con-
sequently, the number of grains (and grain boundaries)
affected by the SE cloud depends on the energy of the in-
cident photon, therefore influencing the number of events
characterized by an incomplete energy collection. In con-
trast, the nature of our elp-Bi absorbers at these thick-
nesses is more similar to a classical metal with residual
resistance ratio of the order of one8 and thus immune
from the LE tail phenomena.
In summary, we have characterized the X-ray spectra
produced by TES absorbers composed of Au, Au/evap-Bi
and Au/elp-Bi at different energies. The elp-Bi showed
no sign of the undesired non-Gaussian response typical
of the evap-Bi and, at the same time, the amount of
Bi used caused no energy-resolution degradation. The
tail-free feature is especially useful to detect weak X-ray
emission lines in samples with a complex matrix of ma-
terials, making the elp-Bi a superior material for large
arrays of X-ray TES microcalorimeters. Future work to
grow thicker elp-Bi absorbers with near-unity quantum
efficiency up to 20 keV will increase the sensitivity of
hard X-ray TESs for chemical state microscopy at the
nanoscale25.
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